Active Safety (AS) and Advanced Driver Assistance Systems (ADAS) can nowadays be considered as distributed embedded software systems where independent microprocessor systems communicate together using different communication protocols. Typical AS or ADAS functionality is then realized by several microprocessors communicating with each other. AS and ADAS systems interact with other Electronic Control Units in a vehicle via communication networks and gather vehicle's surroundings via camera, radar or laser sensors. Quality assurance and safety standards combined with increasing complexity and reliability demands related to vision sensing, radar sensing and data fusion, often together with a short time to market, make the development of such systems challenging. As the number of important road scenarios for the system grows, mathematical modelling and computer simulation become important engineering tasks that aim to assure the required quality and compliance with safety standards. This paper presents a simulation approach and its practical realization on a large scale in production stream projects. It is shown that the simulation can be performed on Model-in-the-Loop, Software-in-the-Loop and Hardware-in-the-Loop levels with different configurations in which some of the system components are real and some are simulated. The possible test scenarios arising from the interactions of the driver, vehicle, traffic situation and environment can be recorded during test drives and then reproduced in the simulation environment, and they can also be generated virtually. The paper illustrates both how to perform the simulation in real-time and non-real-time on a multicore processor machine in order to speed up the simulation time.
Introduction
A vehicle electronic system is a distributed embedded software system where independent microprocessor (very often multicore) systems, called Electronic Control Units (ECUs), communicate with each other using communication networks. Each ECU in this distributed architecture can be considered as a control system that processes continuously changing input signals and provides the appropriate output signals based on the inputs and internal states. As those inputs and outputs include a mix of electrical, electromagnetic, video, radar and communication signals, the development of such systems becomes especially challenging. Active Safety (AS) and Advanced Driver Assistance Systems (ADAS) are representative examples of such development. In this context, mathematical modeling and computer simulations become important engineering tasks to assure required quality, reliability and compliance with safety standards. To be successful in this area, the following fundamental elements shall be properly identified and defined [6] :
1. The physical system -ECU or a part of it that is being developed, clearly defined by its function, parametric characteristic and structure at the proper level.
2. The environment -either the physical or virtual system's surroundings that may interact with the system by exchanging information or other properties (other ECUs, sensors, actuators, loads, other vehicles on the road, infrastructure elements, etc.).
3. The model -a theoretical construct that contains a detailed and true description of the physical system with mathematical and logical formulas.
4. The algorithm -an effective method in the form of a computable set of steps to simulate the behavior of the system.
5. The computer -a programmable (real-time) machine that implements and executes the algorithm.
The paper presents a simulation approach and its practical realization on a large scale in the production stream projects in the area of AS and ADAS systems. The aim of this paper is to describe different levels of simulations because of their potential to enhance convenience and reduce cost at different stages of the system development life cycle. The paper is organized as follows. In the following section, general overview of AS and ADAS systems is provided. Main elements of the integrated simulation strategy are described after that. The next section describes aspects related to data collection and data verification as those activities play the key role in Active Safety and Advanced Driver Assistance Systems were created to increase safety and comfort of driving. They have been based on embedded systems for processing data collected from numerous sensors. AS and ADAS systems also send alerts to the driver and, when necessary, transmit signals to particular car actuators. There are a few different methods of intervention, varying from each other by the strength of reaction that can be provided by the AS or ADAS system to the driving process. The most automatic reaction is to display information on the cluster suggesting the driver to take a break. This happens when an algorithm detects driver's distraction or drowsiness. The more explicit reaction is sending a warning to the driver, to make him or her aware of a dangerous situation on the road and to elicit a proper response such as slowing down or stopping in order not to hit a preceding car. There are several devices providing feedback to the driver that something critical is happening: the light of red diodes located below the windshield and near the side mirrors, vibrations of steering wheel, seat or seat belts. Next step on a reaction procedure list of the system is to take partial control over the driving process. It can either be braking before an obstacle or applying slight force to the steering wheel while the vehicle is potentially and unintentionally crossing the lane marker. The second action may also appear in a situation other than a dangerous one, such as self-parking of the car or supporting the wearisome processes, for example, driving in a traffic jam.
Modern cars are often equipped with one or more cameras, frontfacing radar and side radars (see Fig. 1 ). All that advances the capability of supplying the ECU, which is responsible for active safety functions, with the exact information of the position and velocity of other objects on the road. Moreover, it is possible to determine if particular object is a car, truck or a pedestrian as well as recognize traffic signs. ADAS unit is connected to a car network, typically based on one of the most common automotive network methods could support the system with critical information much faster than it can be done by camera or radar that has a limited field of view when for example turning on a sharp corner. The safety of driving a car is based on the cooperation of all the components installed in the vehicle. However, there is usually one ECU dedicated to ADAS functionality. This unit (see Fig. 2 ) is composed of several microcontrollers, among which one is equipped with high performance abilities of calculating, usually with particularly dedicated hardware architecture being responsible for the image processing. The second microcontroller is built on common hardware architecture and it contains software designed accordingly to the AUTOSAR methodology [1] . It is usually provided by a manufacturer along with other software components and the embedded operating system managed by the ECU supplier. This strategy results in efficient and cost-saving integration of the safety features.
Algorithms and, as a consequence, performance of the specific safety features may differ between particular car producers, but the main functions are similar. The list attached below may be considered as an overview of common ADAS features (it is agreed to name driving car a host and other cars on the road targets):
1. Adaptive Cruise Control (ACC) -a cruise control of a new generation that increases the comfort of driving and enables speed regulation, not only on a set level but also in case of appearance of a vehicle that precedes the host. The speed and distance between vehicles is adjusted to safe values.
2. Queue Assist (QA) -this may be an additional option to ACC that, unlike the ACC, works in the range of low speed together with full stop. QA is able to make the car start to move, keep the distance, and stop, which is a typical situation for a traffic jam.
3. Traffic Jam Assist (TJA) -this is the QA feature with additional ability to control the steering wheel autonomously.
4. Autonomous Emergency Braking (AEB) -this feature is responsible for braking if the system predicts unavoidable collision with an object in front of the host car. Since rear-end crushes without applying any braking action by the driver constitute significant percentage of accidents, this is a very promising feature in the case of rising safety level.
5. Collision Warning (CW) -alerts the driver about the possible danger of an accident. This exact signal implies the last chance of avoiding the collision. If the driver does not react, AEB is going to activate on its own.
6. Collision Mitigation Support (CMS) -other name for the system which mitigates or avoids the collision; it consists of CW and AEB.
7. Lane Departure Warning (LDW) -the purpose of this feature is to warn the driver in case a vehicle is crossing the lane marker while the turn indicator is not activated. The system interprets such situation as an effect of distraction or drowsiness, which may lead to an accident. After a few warnings the system sends information that is displayed on the IPC advising the driver to make a break.
8. Lane Keep Aid (LKA) -it works in a similar way to the LDW. The system recognizes lane markers on the road but tries to keep the vehicle on the proper lane by applying a force to the steering wheel. 9. Curve Speed Warning (CSW) -this feature provides warning to the driver if the speed of a vehicle is not adapted to the road curvature. It is only possible in cars equipped with eHorizon technology.
10. Road Friction Information (RFI) -information about road friction may come from wireless network or may be based on autonomous tests. This information adds to the increase of performance of ACC, AEB, CW and CSW.
11. Intelligent Speed Adaptation (ISA) -it is based on traffic signs captured by camera or information provided by any external source. The system monitors current speed limit and reacts when the vehicle is moving too fast. A reaction device either alerts the driver or performs an automatic intervention concerning the speed of a vehicle.
12. Adaptive Highbeam Assist (AHA) -adaptation of headlight beam distance depending on the position of vehicles on the road, in order not to dazzle other drivers.
13. Blind Spot Information System (BLIS) -it is based on information from cameras located in the side mirrors. This feature warns the driver when the vehicle is in a blind spot.
Warning is more intense if host car cuts in other vehicle path white changing the lane.
Integrated Simulation Strategy Overview
An integrated simulation strategy applicable for AS and ADAS systems is presented in Fig. 3 The next five main sections describe in details data collection, data storage and data verification activities as well as different levels of simulations performed on model, software, hardware and entire vehicle levels and presented in Fig. 3 .
Data Collection and Data Verification

Real and Virtual Data Acquisition
One of the main things in the course of the product development is to verify whether all the requirements that were posed to it at the beginning of the process are met. For this purpose it is necessary to carry out tests during the development of the product. In the case of AS and ADAS products, the most important are tests in the actual road traffic, so called RWUP (Real World User Profile) tests. Of course, in the initial stages of the project, this is a ride in the so called open-loop settings, which is the situation when the system is installed in a car, but its outputs are not set on the actuators, and they are only logged. Logging is done using appropriate software, which automatically divides the data into, for example, one-minute portions of logs. Closed-loop tests are conducted in a controlled environment on a dedicated test field area. Logged signals are not only the results of the algorithms' work directly related to AS or ADAS functionalities. These logs also contain all sort of data collected directly from the radar and vision systems as well as the results of processing to the input of the AS/ADAS functions (see information flow diagram in Fig. 2 ). This data includes not only information about the position and velocity, but also information about their class (car, pedestrian, etc.), type (oncoming, disappearing from view, stationary, moving, etc.), the confidence-level of the received data, and much more. However, the method of calculation of this information may vary with the development of algorithms.
Raw input signals can also be generated virtually (see also [3] ). For example, MotionDesk with ASM Traffic from dSPACE is one of the commercial-off-the-shelf tools that support generating virtual road scenarios. This tool allows defining virtual reality containing formerly defined objects: vehicles, building, roads, weather and various types of obstacles as well as their behavior allowing user to create so called Virtual World User Profile (VWUP) data, as an equivalent to RWUP data. Outputs of directed scenes can substitute video stream, radar detections and vehicle bus messages. Then, generated outputs can be used for the same application as outputs from RWUP.
Data Storage
As already mentioned, basic information about the traffic situation (general external environment) is taken from the radar and vision systems. There are also some planned solutions such as eHorizon, V2V and V2I communication. Additional information about the state of the vehicle, such as velocity, yaw rate, acceleration, brake pedal status, etc., is obtained from the sensors in the vehicle via communication buses.
Collected data requires vast storage resources due to its size. For this purpose a special computing cluster infrastructure was designed to deal with large amount of data. The system used for our application consists of: one master node, 7 worker nodes -each of them has two Intel Xeon X5650 processors (summing up to total 84 cores), storage controller and over 300TB of disk space. Because of a large size of a single log-file, it is very inconvenient to copy them and work on them on a PC. So practically all operations on registered data are done on cluster, and user communicates with them by Ethernet. Schematic diagram of a typical use of the cluster is shown on Fig. 4 . The data collected during test drives needs to be verified. Very often this is done manually, by reviewing logs and selecting situations where algorithms give different results than expected. However, it is a very time-consuming process. For this reason, it is highly desirable to provide methods of automating those tests. This not only saves time of the analysis, but at the same time particular logs can be classified into certain categories, e.g.: highway, city, logs with the presence of pedestrians or cyclists, etc. and registered as such. This allows in the future for a quick selection of logs from interesting categories and then quick verification of the implemented changes. Data collection and analysis work flow is presented in Fig. 5 . 
Data Manipulation and Verification
In order to handle output data in a manner allowing visualization, benchmarking and identification of unexpected behavior, the dedicated MATLAB toolbox has been developed. It allows for easy and simple data manipulation and scripting. The developed toolbox contains a set of scripts, which extract data from original log file format into mat-file. It is a very convenient solution for the user, because those mat-files consist of a human-readable structures, tables and vectors. So it allows for looking into data and trying to verify the results easily. Additionally, whole scripts are equipped with graphic user interface, so it makes the toolbox user friendly. According to automotive industry studies of recent years, the most popular tool for model-based design is MathWorks MATLAB environment. When taking into account many third parties toolsets supporting MATLAB, it can be viewed not only as a tool, but also a standard in the automotive industry. That is the reason why we have chosen this solution for data manipulation and verification. Error detection algorithms can practically take into account the most common situations only. These include: incorrect data fit from the vision system and radar, and as a result of this the appearance of the so-called "ghost frames", splitting of one real object into two frames (see Fig. 6 ), matching a moving object to a stationary object, recognition of oncoming vehicle as target ACC, etc. The algorithm is relatively simple. It searches the data logged during the ride, frame by frame, looking for situations potentially carrying the risk of an error. An example block diagram (verification whether the ACC target is oncoming vehicle) is shown in Fig. 7 .
Model-in-the-Loop Simulation Concept
Model-in-the-loop simulation concept is the first method of verification of the newly developed algorithms (see also [6] ). The designed module (e.g. ACC model) as MATLAB/Stateflow/Simulink model is fed with vectors of data obtained from RWUP or VWUP scenarios. These types of data are more reliable than synthetically generated test vectors which might not match correct real world events. On this level of integration this technique allows for a quick and simple tuning and debugging of the algorithm using a wellknown MATLAB environment. Model-based design approach allows for a rapid development of isolated components. From a systems engineering point of view it facilitates customer requirements definition as it provides capability to show and modify the expected behavior in the early stage of the project. 
Software-in-the-Loop Simulation Concept
Collection of experimental data for testing of ADAS can be a very expensive and time consuming operation. Development and tuning of the algorithms requires multiple iterations of tests performed on similar and very specific test cases. Experience with such high cost operations has created a need for replaying once collected data for multiple versions of algorithms. This solution guarantees the reproducibility of test scenarios regardless of the environment factors. Facing such difficulties resulted in the design and implementation of simulation toolset allowing rapid prototyping and validation of ADAS functionalities. The scope of our solution is composed of all layers of sensing and control algorithms.
As a starting point in such test loop iteration, the real world data has to be gathered during the test car drive. Radar looks and raw video frames are being logged with time stamps corresponding to their bus transfer time along with vehicle state data (yaw rate, speed etc.). These data streams constitute the basis for further processing and do not change during re-simulation. After collecting the data in a real world test, it is transferred to the computing center or PC. Data structures are loaded into the simulation software in which further flow described in Fig. 8 is as follows:
1. Vision processing algorithm uses raw video frames to produce vision objects signals (positions, velocities, accelerations) and entities such as traffic signs, lanes, barriers or lights. Several classes of objects are identified including vehicles (cars, trucks, motorcycles, and bicycles), pedestrians and animals.
2. A radar algorithm processes radar looks which results in radar objects. This processing is a multilevel task and includes observation of the dynamics of detections.
3. The outputs from steps 1 and 2 are input to fusion algorithm which produces final object instances. Fusion is used to correlate detections from two independent sources (vision and radar) in order to achieve better performance and confidence levels of vehicle horizon. Each of the above steps consists of one or more complex algorithm, the output quality of which has a huge impact on the rest of the underlying steps or vehicle behavior. Using the toolset we can easily apply tune changes to a radar algorithm for example, and then simulate the new implementation and feed step 3 with completely new outputs which in the end produces new fusion objects having direct impact on ADAS algorithms performance. The re-simulation toolset can also be used to debug and compare two versions of algorithms performance and robustness. The tested algorithms code is executed in target hardware emulation environments including AUTOSAR framework.
Moving to the most crucial part of our Software-in-the-Loop testing, the performance of the algorithms has to be evaluated. This task is completed with the use of automated scripts which search through the re-simulated logs and look for predefined fault scenarios which are returned in a form of issue list to be investigated. The presented approach is applied to track and rate the regression during the evolution of software components.
Summing up, the unveiled methodology is a cost effective alternative to perform high resource consuming drives and real world validation.
It is apparent that we cannot exclude performing test drives from the methods of verification, as real world testing still has to be carried out, but the number of such events could be reduced.
Engineering Application Example of the Re-simulation Tool for Algorithm Verification
Debugging of almost every advanced algorithm is a complicated and time-consuming process. One of the examples can be target selection routine the aim of which is to choose an object for ACC. In this case it is often hard to decide if the vehicle is in the same lane, particularly on a curvy road. The noisy yaw rate signal or insufficient lane markers recognition status can lead to selecting oncoming vehicle as ACC target which is called a false positive event. Such situations are detected during scripts execution on the collected logs. Root cause of a false positive event is traced resulting in algorithm tunes and adjustments. Logs are re-simulated to check if the problem persists. Fig. 9 . presents the generated output from the script execution before and after the algorithm fix.
Hardware-in-the-Loop Simulation Concept
An alternative to conducting test drives in the early stages of project development is to use the dedicated software (for example dSPACE MotionDesk) to simulate traffic and readings from the sensors -this situation is presented in Fig. 10 . The MotionDesk software generates a video stream which is presented to ADAS unit together with additional vehicle and environment signals. The tested module senses the environment and produces control signals for the vehicle virtual model as feedback. In addition to the cost reduction, an additional advantage is the ability to create specific situations in which we want to test the algorithm. Optionally it provides the ability to play back the data recorded during RWUP in real-time allowing tests of the entire hardware and software components. Such configuration is directed to result in automated test harness implementation (see Fig.  3 and also [2] , [4] and [5] ). 
Closed-Loop Vehicle Testing
As a final step in ADAS algorithm development, the integration tests in real world are carried out on staged scenarios defined by the vehicle manufacturer requirements. A ready system is installed in a test vehicle and set up in closed-loop with actuating components (brakes, steering wheel and engine control). Staged scenarios require the test vehicle to perform operations such as adjusting speed, autonomous braking (for obstacles, pedestrian dummies, vehicle dummies for both stationary and moving objects). As a method of verification of the position, both host and target objects reference positioning system is needed to register accurate real-time absolute coordinates, velocity and acceleration data. Data acquired from the positioning system is used in benchmarking and verification of performance in the post-test analysis. The staged functional test procedures are commonly related to Euro NCAP or NHTSA demands. As in most cases, the tests that are carried out are used as guidance for further modifications done to the system which could not be determined in previous methodologies, the approach of round robin tests finds appliance for such verification. Data logged during this phase might find use as input data for simulation purposes in all of the presented schemes.
Discussion and Conclusions
In this paper, a simulation approach has been presented that can help engineers in development and verification of AS and ADAS systems. The approach has been partially developed, implemented and verified by engineers from Delphi Technical Center Krakow, Poland. It is an initial deployment on a large scale in the production stream projects in the area of AS and ADAS systems in the automotive industry. The key benefits of the presented approach is the use of both RWUP as well as VWUP data at each simulation level including also a real-time simulation. Based on the developed algorithm, a golden set of data can be selected which can significantly reduce the amount of data to be stored and consequently reduce the simulation time. This simulation time can also be reduced when simulations are executed on multicore calculation clusters.
Among few obstacles to implement the presented approach on a large scale in the production stream projects, the following ones are, in the authors' opinion, especially important. The cluster solutions are expensive and require time-consuming configuration effort. It is also worth mentioning that re-simulation does not support closed-loop verification. Among all mentioned benefits of the proposed solution there are still some limitations including lack of emulation of the target hardware as well as software simulation of the communication networks like SPI or CAN which will not detect if e.g. stack overflow is encountered. Also the presented approach of HiL based tests is not optimal and it might be replaced with direct injection of video stream into ADAS ECU. This will eliminate the usage of dedicated lenses during image transmission and noise additive effects of screen display.
